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The structure of the DNA binding domain of the yeast ranscriptional activator GAL4 was investigated byextended X-ray fine structure ( .x.a.f.s.). 
Two samples of GAL4 were studied, one containing cadmium as a structural probe (Cd(II)GAL4) and the other containing the 'native' zinc (Zn(II)- 
GAL4). The results suggest hat the structure of the°DNA binding domain of GAL4 contains a two metal ion cluster distinguishing it from the 
'zinc finger' proteins typified by the Xenopus laevis transcription factor TFIIIA. 
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1. INTRODUCTION 
GAL4 activates transcription of the GALl and 
GAL 10 genes in the yeast Saccharomyces cerevisiae by 
binding to DNA sequences within the upstream ac- 
tivating sequence for galactose (UASg) [1]. The amino 
terminal DNA binding domain of the protein (residues 
1-147) contains a sequence (Cys-X2-Cys-X6-Cys- 
X6-Cys-X2-Cys-X6-Cys) which is highly conserved 
amongst several other fungal gene regulatory proteins 
[2,3 (Fig. 1)]. It has been proposed [4,5] that these cys- 
teines may co-ordinate zinc, creating a structure 
analogous to the 'zinc fingers' of TFIIIA [6]. More 
recently a ~13Cd NMR study suggested that the protein 
contained two binding sites in which each cadmium was 
co-ordinated by 3 or 4 sulphur atoms [7]. In this paper 
we report the results of extended X-ray fine structure 
(e.x.a.f.s.) studies on both Cd(II) and Zn(II) GAL4 
purified from an over-expressing strain of E.coli. We 
have studied the Cd(II) form of the protein to avoid 
problems of background contamination and loss of 
metal during the purification; cadmium binds much 
more tightly and the background levels are considerably 
lower. 
2. MATERIALS AND METHODS 
2.1. Protein purification 
The protein were purified as described by Lin et al. [8], with the 
following differences; (i) zinc ions were omitted from all buffers to 
prevent background contamination, (ii) a DNA-cellulose column was 
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used instead of the DEAE-cellulose column, and (iii) in order to pro- 
duce the Cd(II) form of the protein, cadmium chloride was added to 
the growing cells to 0.3 mM at the same time as the isopropyl B-D- 
thiogalactopyranoside (IPTG), Acid-washed glassware and EDTA 
washed plasticware were used in the purification of samples for 
atomic absorption and e.x.a.f.s, spectroscopy [6]. Protein concentra- 
tions were measured by amino acid analysis. 
2.2. Gel retardation assays 
Gel retardation assays were carried out on a 4°70 acrylamide gel as 
described by Fried & Crothers [9]. The protein was incubated with an 
EcoRI-HindlII fragment of the pUC18 polylinker into which the 17 
base pair consensus GAL4 DNA binding site had been inserted in the 
BamHl site. All incubations were carried out in a buffer containing 
20 mM Hepes pH 7, 50 mM potassium chloride, 5 mM magnesium 
chloride, 10/zM zinc acetate/cadmium chloride, 0.2 mg/ml acetylated 
bovine serum albumin, 50070 glycerol and poly(dl-dC). 
2.3. Atomic absorption spectroscopy 
Zinc and cadmium concentrations were determined using a flame 
method on a Perkin-Elmer Model 380 atomic absorption spec- 
trometer. 
2.4. Cadmium substitution experiments 
Molar equivalents of cadmium chloride were added to samples of 
the Zn(II) protein before recording UV spectra on a Perkin Elmer 555 
UV-VIS spectrophotometer very 15 min until there were no further 
changes (approximately 2 h). The final spectra obtained were com- 
pared. 
2.5. E.x.a.f.s. studies 
E.x.a.f.s. spectra were recorded at the Zn and Cd K-edge as 
fluorescence excitation spectra. The data were recorded on the Wig- 
gler beamline using station 9.2 of the Synchrotron Radiation Source 
at Daresbury Laboratory. The electron storage ring operated at 2 GeV 
with an average current of 150 mA. A silicon (220) double crystal 
monochromator was employed to avoid harmonic ontamination. A 
step size of approximately 0.04k was used to collect he data. An array 
of 12 germanium solid state detectors with individual electronics [10] 
monitored the X-ray fluorescence excitation spectra, with 
simultaneous measurement of a zinc or cadmium foil. The samples 
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were dialysed against 5mM Hepes pH 7, assayed for DNA binding ac- 
tivity and lyophilised before being packed into teflon cells (sample 
window dimension of 12 mm width by 4 mm height by 5 mm depth). 
A total of 8 1-h scans were collected for each sample of GAL4 at ap- 
proximately 80K using a liquid nitrogen cryostat. Prior to averaging 
the data, each spectrum from the individual germanium detector was 
inspected and weighted inproportion to its edge height. Any spectrum 
showing irregularities was omitted from the averaging process. A
check for radiation damage around the immediate area of the metal 
ion was carried out by inspecting each scan to see if changes in the 
edge and near edge structure occurred; non were visible. 
Data analysis was accomplished via the single scattering curved- 
wave method of e.x.a.f.s, calculation, and phase-shifts were derived 
from 'ab initio' calculations a  described previously [11-13]. 
2.6. Reactions with para-hydroxy mercuribenzoate 
Reactions were carried out as described by Riordan and Vallee [14] 
in 20 mM Hepes/200 mM sodium chloride pH 7, monitoring the ab- 
sorbance at 250 nm. 
3. RESULTS 
When the DNA binding domain of GAL4 (GAL4 
(1-147)) was purified from E.coli ,  atomic absorption 
spectroscopy showed that it contained 2.43 (+_0.39) 
mol of zinc per mol of protein. Monitoring the absor- 
bance at 245 nm (characteristic of Cd-S charge transfer) 
in competition assays showed that the protein has a 
much higher affinity for cadmium than it does for zinc. 
Titration of the protein with cadmium showed no fur- 
ther spectral change after addition of two equivalents of 
cadmium. A GAL4 fragment, purified from cells grown 
in the presence of cadmium, was also found to contain 
an average of 2.07 ( +_ 0.28) mol of cadmium per mol of 
protein. The Cd(II) form bound to the GAL4 DNA bin- 
ding site with a similar affinity to that of the native zinc 
form (see Fig. 1). 
E.x.a.f.s. spectroscopy was used to investigate the 
immediate nvironment of cadmium and zinc in GAL4. 
This technique provides information on the number of 
ligands, their type and distance from the atom being 
probed. The X-ray absorption near edge structure 
(x.a.n.e.s.) data are a sub-set of the e.x.a.f.s, data and 
are indicative of ligand geometry. The x.a.n.e.s, data of 
both Cd(II) and Zn(II) GAL4 are very similar to those 
of the following species: Cd(II) and Zn(II) metallothio- 
nein [15,15a], the DNA binding domain of the 
glucocorticoid receptor [16] and [NEt4]e[Zn(SPh)4], a 
model compound in which the zinc is tetrahedrally co- 
ordinated by 4 sulphur atoms (data not shown). This 
suggests a tetrahedral co-ordination about each metal 
ion in GAL4. 
The e.x.a.f.s, data, and their corresponding Fourier 
transform, of Zn(II) GAL4 (see Fig. 2) can best he 
simulated with a model consisting of three sulphur 
ligands at 0.230 nm (2.30 A,), a single light atom (either 
oxygen or nitrogen) at 0.196 nm (1.96 A,) and a sulphur 
atom at 0.334 nm (3.34 A,) (see Table I). Assuming that 
GAL4 (1-147) has two metal binding sites this result 
could be interpreted in one of two ways. Firstly, each 
metal ion might be co-ordinated by three sulphur atoms 
and a single oxygen (or nitrogen) ligand. Alternatively, 
one metal ion might be co-ordinated by four sulphur 
ligands and the other by two sulphur ligands and two 
oxygen (or nitrogen) ligands. Using e.x.a.f.s, it is im- 
possible to distinguish between these possibilities as the 
data result from an average of the two zinc sites. For the 
e.x.a.f.s, data, and their corresponding Fourier 
transform, of Cd(II) GAL4 the best simulation is 
achieved with 4 sulphur ligands at a bond distance of 
0.247 nm (2.47 A,) (see Table I). 
A B 
-----~creasing Cd(II) protein-.-~ .---~creasing Zn(ll) protein 
Protein/DNA 
complex 
Free DNA 
Fig. 1. A gel retardation assay showing the relative DNA binding affinities of the Zn(II) and Cd(II) forms of the GAL4 (1-147) fragment. 
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Fig. 2. Cd and Zn K-edge .x.a.f.s, data, and their associated Fourier transforms. The continuous lines represent the experimental spectra, the 
diamonds the simulations. (A) Zn(ll) GAL4 fitted with a model consisting of3 sulphur ligands and one oxygen ligand with a further sulphur atom 
at approximately 3.3,~,, and (B) Cd(II) GAL4 fitted with a model consisting of four sulphur ligands. The e.x.a.f.s, data re presented asx(k)k 3 
plotted against k where kis in .~,- 1. x(k) is the function describing the oscillations ofthe e.x.a.f.s, pectrum; it is multiplied by k 3 to enhance f atures 
at high k. k is the momentum of the photoelectron given by k = [(E-Eo)2m/h 2]~/2 where m is its mass, E its energy and Eo the energy of the absorp- 
tion edge. 
It is surprising, given the similar DNA binding af- 
finities (see Fig. 1), that the co-ordination spheres of 
the two different metals are not identical. We were able 
to check the phase shifts, and the calculation pro- 
cedure, using three different model compounds in 
which the zinc ion was co-ordinated by either 4 sulphur, 
3 sulphur and one oxygen or two sulphur and two ox- 
ygen atoms. The results of the e.x.a.f.s, simulations 
compared very well with the crystal structures giving us 
confidence in the refinement procedure. We also found 
that para-hydroxy mercuribenzoate [14] reacts with 2 
sulphydryl groups per protein molecule in Zn(II) 
GAL4, but none in Cd(II) GAL4. These results further 
emphasise the differences in metal ion co-ordination 
between the Zn(II) and the Cd(II) forms of the protein. 
4. DISCUSSION 
Using a combination of atomic absorption spec- 
troscopy and amino acid analysis, we have been able to 
show that the DNA binding domain of the yeast 
transcriptional ctivator GAL4 contains either two cad- 
mium or two zinc ions per protein molecule, depending 
on the growth conditions. Results obtained from a titra- 
tion of the Zn(II) protein with cadmium support this 
conclusion. As the Cd(II) form of the protein bound to 
DNA with a similar affinity to the native Zn(II) form 
we were able to use cadmium as a structural probe in the 
e.x.a.f.s, studies. 
The results of the e.x.a.f.s, studies suggest hat the 
metal ions in GAL4 are either co-ordinated by 4 sulphur 
atoms in the case of Cd(II) GAL4, or by a mixture of 
sulphur and oxygen atoms in the case of Zn(II) GAL4. 
Table 1 
Parameters u ed to simulate the e.x.a.f.s, data 
Protein Ligands o ~ (nm 2) R(nm) 
Zn(II) GAL4 3S 0.000065 0.230 
10 0.000065 0.195 
1S 0.00004 0.334 
Cd(ll) GAL4 4S 0.000075 0.247 
o; is a Debye-Waller like factor and is equivalent toAR rms the mean 
square deviation of an atom from its mean position. R is the distance 
of atoms from the metal ion as determined from the e.x.a.f.s, data. 
The errors in the fitting procedure are approximately _+ 0.002 nm. 
The sulphur atoms co-ordinated to the zinc or cadmium 
could in principle be provided by either cysteine or 
methionine residues. As only the cysteine residues are 
strongly conserved in both position and number in the 
fungal gene regulatory proteins to which GAL4 is close- 
ly homologous [3], it is probably that they are the co- 
ordinating ligands. In GAL4, these 6 cysteines co- 
ordinate the two metal ions each of which, in the Cd(II) 
protein, are co-ordinated by 4 sulphur atoms. It is like- 
ly, therefore, that the structure of the DNA binding do- 
main must differ from the structure of the zinc finger 
proposed for TFII IA. 
Given the similar DNA binding affinity, we expected 
that the structure of Zn(II) GAL4 would be the same as 
that of the Cd(II) protein. We speculate that both the 
oxygen ligand and the sulphur atom at 3.34 ,~ are due 
to the co-ordination of the zinc ions by the sulphonic 
acid group from the Hepes buffer. This could mean that 
the buffer is displacing one or more of the natural 
ligands. Consistent with this hypothesis para-hydroxy 
mercuribenzoate reacts with two sulphydryl groups per 
protein molecule in Zn(II) GAL4, but with none in 
Cd(II) GAL4, suggesting that in Zn(II) GAL4 two of 
the cysteine residues are not involved in zinc co- 
ordination. It remains a possibility, however, that the 
oxygen that we see in the e.x.a.f.s, results from excess 
zinc bound to the protein. Because of this ambiguity we 
also studied the e.x.a.f.s, of the Cd(II) protein. 
For Cd(II) GAL4 we propose that each monomer of 
the protein contains a two metal ion cluster where each 
cadmium ion is tetrahedrally co-ordinated by four cys- 
teine residues, two of which act as bridging ligands. It 
is known that the GAL4 protein binds to DNA as a 
dimer [17] raising the possibility that it is metal-linked 
as suggested for the HIV Tat protein [18]. Although the 
results obtained so far cannot rule out this possibility, 
we have no evidence for the formation of such a metal- 
linked dimer. Indeed, our own unpublished results and 
those of Carey et al. [17], show that the main dimerisa- 
tion function is not contained within the cysteine-rich 
region of the protein suggesting that the dimer is not 
metal linked. 
Despite the fact that the Zn(II) protein has a different 
metal ion co-ordination it can still bind with similar af- 
finity to DNA. Further work is in progress to determine 
whether Zn(II) GAL4 has a substantially different 
structure or whether the solvent or buffer is simply 
displacing one or more of the natural igands. 
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